The superior temporal sulcus (STS) plays an important role in the perception of biological motion and in the representation of higher order information about other's goals and intentions. Using a rapid event related functional magnetic resonance imaging paradigm (fMRI), children (n = 37, mean age 11.0) and adults (n = 17, mean age 25.3) viewed congruent or incongruent actions. Congruency (and incongruency) of a reach toward an object was a function of whether the object had just previously received positive or negative regard. Relative to congruent trials, both children and adults showed an increase in activation in the posterior STS bilaterally, in response to incongruent trials. In children, these STS regions exhibited developmental changes. Specifically, the differential response to incongruent trials relative to congruent trials was larger in older children in both hemispheres.
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Introduction
Numerous studies in adults have demonstrated that a region in and around the posterior superior temporal sulcus (STS) is an integral component of a network of brain regions that process socially relevant information. The specific role of the STS in that network appears to be one of processing information about bodily action. For example, the STS responds differentially when a participant views human bodies, body parts, or faces in motion (Allison et al., 2000; Bonda et al., 1996; Pelphrey et al., 2003; Puce et al., 1998) .
However, the modulation of STS activation during a variety of tasks that seem to require a more sophisticated representation of social significance suggests that it plays a greater role in social cognition than the simple visual parsing of biological motion. Tellingly, the STS is activated in response to the motion of geometric shapes that contain motion that is merely suggestive of underlying intentional activity (Castelli et al., 2000) , as in the Heider and Simmel films (Heider and Simmel, 1944) . Particularly relevant to the current study, the STS region exhibits more activation when the details of biological motion do not match prior expectations. This result has been replicated in a variety of experimental contexts, including paradigms that involved the perception of gaze away from a target , reaching to empty space (Pelphrey et al., 2004) , reaching to a target inconsistent with an emotion (Vander Wyk et al., 2009) , over-reaching around barriers (Jastorff et al., 2011) , or using odd body parts to manipulate the environment (Brass et al., 2007) . These findings suggest that the STS not only represents the surface features of biological motion, but also participates in integrating biological motion with the social and environmental contexts.
These findings are consistent with a view of the STS as having an anticipatory or predictive function in action perception (Allison et al., 2000; Csibra, 2008) . That is, in addition to constructing a veridical representation of current body motions, the STS also implicitly and automatically constructs a representation of potential future actions. On that view, mismatches between predicted input and actual input, such as when an actor exhibits an unexpected action, drives differential activations. The ability to make implicit predictions about future actions relies on (1) a relatively stable representation of cues, (2) the ability to construct a relatively robust representation of future actions and (3) an association of the cue and future action, perhaps developed over time.
The developmental trajectory of brain function within the STS region is not well documented. In the limited number of studies of biological motion perception in children, the general finding is that the STS exhibits a similar activation profile in children and adults. For instance, the posterior STS, especially in the right hemisphere, responds more strongly to human motion than most other stimuli in both children and adults (Bonda et al., 1996; Puce et al., 1998) . However, there is less agreement about whether there is change in the functional response properties occurring during late childhood and into adolescence. Some studies have reported developmental trends (Carter and Pelphrey, 2006; Shaw et al., 2011) , but others have not (Kaiser et al., 2010; Mosconi et al., 2005) , with developmental trends generally being a linear or non-linear relationship of activation in the STS to age. Reports of anatomical changes have been more consistent, typically finding structural changes in the lateral posterior lobe into teenage years (Giedd et al., 1999; Gogtay et al., 2004) .
Changes in structure and function of the STS during childhood and adolescence, may indicate that representations of basic body motions instantiated in the STS region are changing or developing. Indeed, behaviorally, children do not reach adult levels of performance in biological motion discrimination until middle adolescence (Hadad et al., 2011) . As such, children's representations of body motion may serve as a less reliable cue to future action states, children may have a more difficult time constructing anticipatory representations. Furthermore, children may not have had sufficient experience with the association between cues and future actions to permit robust anticipation. The current study uses an fMRI paradigm to examine implicit action prediction, previously used in typically developing adults and those with autism spectrum disorders (Pelphrey et al., 2011; Vander Wyk et al., 2009 ). Participants observed a video of an actress expressing positive or negative affect toward one of two objects. She then reached and picked up that same object or the other one. Viewing the actress's emotional expression allowed participants to build expectations about future actions; positive expressions toward an object may convey an intention to pick up the object, while negative expressions may convey an intention not to pick up the object. The actress's subsequent reaching gesture could then be interpreted as being either congruent or incongruent with the intention.
Materials and methods

Participants
Participants in the study included 18 adults and 48 children. After motion and wakefulness exclusion criteria were applied, data from 17 adults and 37 children were included. The mean age of the adults was 25.3 and ranged from 20.9 to 35.6. The mean age of children was 11.0, and ranged from 4.5 to 15.3. Females made up 8 of the adult participants and 19 of the children. Parents or guardians gave written informed consent for the minors to participate in research. Assent was obtained for each minor participant by giving age-appropriate verbal and written explanations of the research protocols and their rights. Research was reviewed and approved by the Yale Human Investigation Committee, the Yale Pediatric Protocol Review Committee, and the Yale Magnetic Resonance Research Center.
Stimuli and presentation
Experimental stimuli (see Fig. 1 ) were modeled after those used in a prior study (Vander Wyk et al., 2009 ). Stimuli consisted of 4-s video clips, without audio. The video depicted an actress seated at a table with two objects in front of her (a blue and white cup). In the videos she made an emotional expression toward one of the objects (1 s), followed by a pause (1 s), followed by a reach toward one of two objects in front of her (2 s). Each depicted either a congruent trial or an incongruent trial. A trial was congruent if the video depicted one of the following sequences:
(1) the actress expressed positive emotion toward one object and then grasped that object, or (2) the actress expressed negative emotion toward an object and then grasped the other object. A trial was incongruent if either of the converse set of sequences occurred: (1) the actress expressed positive emotion toward one object and then grasped the other object, or (2) the actress expressed negative emotion toward an object and then grasped that object. We attempted to reduce potential attentional confounds by using both positive and negative affect as cues. With positive affect, incongruent trials may require orienting first to the target of the expression then to the target of the reach. In positive congruent trials, the target of the expression and the reach are the same. However, in negative affect trials, the reverse is true. Congruent trials require reorienting, while incongruent trials may not to the same degree.
A video for each instance of every combination of the following factors was filmed (32 videos total): valence of expression (positive/negative), direction of the expression (right/left), congruency of reach (incongruent/congruent), hand used to reach (right/left), location of the blue and white cups (blue on right, or blue on left). This resulted in 16 unique congruent video clips, and 16 unique incongruent video clips. Stimuli were presented using E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA) in the magnet on a rear-projection screen viewed in a mirror mounted on the head coil.
Design
A functional run of the experiment consisted of a passive viewing of a single presentation of each of the 32 video clips. To compensate for order effect, four pseudo-random orders of videos were created subject to the constraint that a trial type (congruent or incongruent) could only be presented, at most, 3 times in a row. Orders were randomly assigned to participants. Each functional run was initiated and concluded with 16 s of fixation. Presentation of video clips used a rapid event-related design, with a jittered intertrial fixation of 2-8 s. Intertrial fixations were randomly selected subject to the constraint that the mean intertrial fixation was 5 s. Participants each completed at least one functional run. A second functional run was attempted, if a participant was willing and able to do so, in order to mitigate data loss associated with inattentiveness and motion.
Data acquisition
Imaging data was collected on a Siemens 3T Tim Trio scanner. T1-weighted anatomical images were acquired using an MPRAGE sequence (TR = 1900 ms; TE = 2.96 ms; FOV = 256 mm; image matrix 256 × 256; 1 mm × 1 mm × 1 mm). Whole-brain functional images were acquired using a single-shot, gradient-recalled echo planar pulse sequence (TR = 2000 ms; TE = 25 ms; flip angle = 60 • ; FOV = 220 mm; image matrix = 64 × 64; voxel size = 3.4 mm × 3.4 mm × 3.4 mm; 34 slices) sensitive to blood oxygenation level-dependent (BOLD) contrast.
Data analysis
Functional data were analyzed with BrainVoyager QX 2.3 (BrainInnovation, Maastricht, the Netherlands) software package. The first 5 volumes were discarded to allow for magnetic equilibrium to be reached. Preprocessing of the functional data included slice scan time correction using cubic spline interpolation, 3D motion correction using trilinear interpolation to correct for small head movements, linear trend removal, and temporal high pass filtering to remove low-frequency non-linear drifts (3 or fewer cycles per time course, and Gaussian spatial smoothing using a 7 mm kernel. Participants' estimated translational (mm) and rotational motion ( • ) parameters were examined prior to analysis. Functional images were co-registered to each individual's anatomical volume and transformed into Talairach space (Talairach and Tournoux, 1988) . Participants were excluded on the basis of excessive motion and failing to remain awake. Ten children were excluded from analysis due to excessive motion, using a cut-off of 3 mm/ • of estimated motion on any volume relative to the first volume. One adult and one additional child were excluded for failing to remain awake. Motion parameter summaries (translation: x, y, and z, rotation: x, y, and z) for adults, children and subsets of children based on age (described below) are presented in Table 1 . This depicts the absolute maximum degree of estimated motion across the entire functional scan, as well as the largest volume-to-volume change in parameters. T-tests between adult and child, as well as between older and younger child each were computed for each parameter. The only comparison to reach significance (uncorrected for multiple comparisons) was estimated motion about the x axis (yaw). The comparison was not significant correcting for multiple comparisons.
Because stimuli were presented with brief intertrial intervals, BOLD signals necessarily overlapped and necessitated an analysis strategy that permitted deconvolution of the signals associated with each trial. To that end, predictor waveforms were constructed using a finite-impulse model (Ollinger et al., 2001) . This entailed specifying a set of dummy predictors, one for each volume starting with the volume locked to the onset of the stimuli and extending for 9 additional volume acquisitions (18 s). Thus, each trial type was modeled with a set of 10 event-related beta values. Four trials types were modeled: (1) positive affect + congruent reach, (2) positive Fig. 2 . Areas shaded in red depict those voxels that exhibited a significant peak rise collapsing across incongruent and congruent trials. These regions were used as a functional mask for subsequent analyses.
affect + incongruent reach, (3) negative affect + congruent reach, and (4) negative affect + incongruent reach. Beta values were computed for each individual for each of four trial types. The dimension of affect was collapsed across congruency, leaving only incongruent and congruent predictors, and the resulting betas values were entered into a second-level random-effects analyses. Each individual's estimated motion parameters computed during preprocessing were z-transformed and were included in the model. An anatomical mask was constructed by averaging participants' Talairach normalized anatomical images, and excluding voxels outside the averaged brain, white matter, or ventricles, but did include subcortical structures and the cerebellum. This mask was applied to all analyses. Activation maps were corrected for multiple comparisons with an iterative Monte Carlo simulation to estimate an acceptable cluster-level false-positive rate (Forman et al., 1995; Goebel et al., 2006) . The baseline uncorrected voxel-level threshold was set to p < 0.001, and 10,000 simulations were run. A minimum cluster-size threshold of 6 contiguous functional voxels (or approximately 236 mm 3 ) was chosen to yield a false positive rate of p < 0.001.
Of the 17 adults, all had completed a second run. Of the 37 children, 25 had completed a second run. All participants' functional runs were aggregated, collapsing across runs and conditions. A map of significant activation to all trial types, across all functional runs, resulted in several strongly active regions, including visual cortex. A peak of activation was located at Talairach coordinates (14, −91, −3). A 373 mm 3 region was constructed by expanding from this peak, by selecting all voxels within 9 mm that were greater than or equal to 90% of the activation of the peak voxel. This region represented an area with a strong visual response across all runs, participants, and trial types. Under the assumption that activation would be greater when the participant was awake and oriented to the stimuli, each participant's run that maximized activation in this region across all trial types was selected for analysis. An analysis of motion parameters from the selected runs did not find any significant differences between adults and children (see Table 1 ).
Since the temporal deconvolution analysis strategy does not assume a specific shape of the waveform, it has the ability to model responses that do not conform to a canonical hemodynamic response. To provide some constraint on the shape of the analyzed waveforms and to restrict our analysis to voxels that are likely to be active to both incongruent and congruent trials, a functional mask was applied to the data. This mask was defined as all voxels that exhibited a significant peak rise collapsing across incongruent and congruent trials. Peak rise was defined as the difference between the peak at t 5 = 10 s, equal to the beta value corresponding to 6 s after the end of video, and the initial activation at t 0 = 0 s. Regions that exhibited positive task related activation including broad regions of the occipital, temporal, and posterior parietal, and dorsal lateral prefrontal and pre-motor cortex bilaterally. The mask is depicted in Fig. 2. 
Results
To examine differential activation to incongruent and congruent trials a contrast was performed across the whole group of participants (adults and children) between the peak rise, beta for t 5 , and stimulus onset, beta for t 0 , as defined above. Both the anatomical and functional masks were applied. Two clusters located bilaterally in posterior regions of the superior temporal gyrus/sulcus met the criteria for statistical significance. These regions are described in Table 2 and depicted in Fig. 3 . The right cluster was approximately 1200 mm 3 larger than the left. The left region stayed primarily within the boundaries of the superior temporal gyrus, the right region extended superiorly into the inferior parietal lobule (Brodmann Area 40), and inferiorly into the middle temporal gyrus. Fig. 3 also depicts deconvolved waveforms for each region, normalized to the initial time point t 0 . Plots are included for the entire sample, and for the adults and children separately for each hemisphere. Developmental effects were explored in two analyses. First, the magnitude of the peak rise, collapsing across congruency and incongruency, was computed. This represents the aggregate response to the stimuli per voxel, ignoring effects of congruency. The correlation coefficient was computed between peak rise and participant age for all regions in the functional mask. A single region in the left dorsal lateral prefrontal cortex met significance, defined as 8 contiguous voxels, representing a clusterwise threshold of p < 0.001. Correlation values in this region ranged from r = .43-.56. This region is displayed in Fig. 4 .
Second, developmental and hemispheric effects were examined as a function of congruency trial type. We computed the difference in peak response, defined as the mean beta corresponding to time point t 5 relative to t 0 , to incongruent and congruent trials for the right and left hemisphere regions. The children were divided into two groups on the basis of age. The younger group (n = 17) had a mean age of 8.8 years, and ranged from 4.5 to 10.7. The older group (n = 17) had a mean age of 13.1 years, and ranged from 11.5 to 15.3 years. Groups did not significantly differ in amount of motion. Peak response differences were entered into a split-plot ANOVA with age group (adult, older child, younger child) was entered as a betweensubjects factor and hemisphere (right and left) entered as a within-subjects factor. Mean peak response difference is displayed in Fig. 5 . There was a main effect of age group, F(2,48) = 3.7, p < 0.05. There was no main effect of hemisphere. A post hoc test revealed that the older children showed a greater peak response difference than younger children in both the right t(32) = 2.8, p < 0.05, and left hemispheres t(32) = 2.5, p < 0.05. The difference between adults and older children was not significant. 
Discussion
When subjects passively viewed actions that were incongruent with prior expectations, activation increased bilaterally in regions of the posterior superior temporal sulcus relative to congruent actions. In addition to replicating this 'incongruency effect' in adults, the data reported here clearly demonstrate an incongruency effect in children and adolescents. Within the STS regions shown to have an incongruency effect, we observed developmental changes related to the differential response to conditions and related to the changes in activation across the hemispheres. Using mean peak activation in response to viewing congruent and incongruent reaches as a dependent variable, we observed a significant change from younger to older children. As evident in Fig. 4 , there is an increasing differentiation between the activation for incongruent and congruent states that reaches across both hemispheres. Complex changes to the BOLD response through late childhood have been reported, even to relatively simple action perception, including non-linear developmental trends (Shaw et al., 2011) . In this study, adults tended to have lower differentiation between incongruent and congruent conditions in both hemispheres, but this trend was not significant. This developmental change in the specificity of response in the STS adds to a growing literature which demonstrates its role in social cognition and to the literature on the functional changes of the STS during typical development.
Other studies have also reported bilateral activation of the STS to biological motions. However, these have tended to assess basic aspects of the perception of biological motion, such as the detection of biological motion in noise (Grossman et al., 2004) , the contrast of biological motion to non-biological controls (Carter and Pelphrey, 2006) , or the comparison of intact biological motion to its constituent components (Thompson et al., 2005) . Some studies reporting an incongruency effect have found bilateral activation (Jastorff et al., 2011) but others have found only right lateralized activation (Brass et al., 2007) . Whether the left and right cortices participate differently in action perception is not clear, as no studies have systematically explored this question. Linguistic studies involving the perception of incongruent stimuli have often implicated the posterior regions of left temporal cortex (Noppeney et al., 2008) . Thus, the marginal right lateralization in action perception may reflect specialization of left hemisphere for language.
The lack of any distinction between incongruent and congruent conditions in frontal or posterior parietal cortex is noteworthy. These areas have been theorized to play a role in the human mirror-neuron system (Buccino et al., 2001; Iacoboni et al., 2005; Rizzolatti et al., 2001 ). The mirror-neuron system activates during both selfgenerated actions and the observations of others' actions, and this co-activation has been argued to serve as a basis for the understanding actions and goals (Fogassi et al., 2005) . The functional mask depicted in Fig. 2 , which was constructed using brain areas that responded to action perception, included both frontal and posterior regions. In particular, the mask permitted interrogation of regions in the premotor and supplementary cortex (Brodmann Area 6), and visual-motor integration regions in the posterior parietal cortex (Brodmann Area 7). However, no differences were observed between incongruent and congruent actions in these areas. We cannot rule out the possibility that the mirror-neuron system participates in representing information pertinent to the decoding of others' goal-directed actions. For example, this system may represent action information, but do so in a way that fails to create differential activity between incongruent and congruent actions in a passive situation.
Methodological design may also partly explain the lack of differential activity in frontal regions. Our primary goal was to replicate the results of previous experiments in a younger sample, thus the use of the passive-viewing design. A different task which evoked a behavioral response from participants would more strongly engage frontal cortex. This is an important step for future research, since the STS is only one component in a social-cognitive system, a primary goal of which is to produce adaptive social behaviors. Thus, the manner with which information in STS communicated to, and used by, the frontal cortex is critical to our understanding of this system, but is outside the scope of the current study.
Conclusions
The posterior STS is active during the perception of biological motion in a variety of contexts. However, in addition to providing a basic representation of the ongoing visual percept the STS also appears to play a role in representing 'higher level' social information. Data from the current experiment, in which we observed a robust bilateral incongruency effect, support this account of the functional role of the STS in both adults and children. When action congruency was manipulated experimentally, the STS in both groups showed a modulation in the magnitude of the incongruency effect. Older children and adolescents showed a more pronounced incongruency effect, indicating continued functional specialization of the STS regions through late childhood and adolescence. The lack of a general developmental change associated with body motion, without the incongruent and congruent contrast, is consistent with a picture of STS function in which the basic elements of action representation are largely in place by middle to late childhood. However, an increasing incongruency effect indicates that the contingent activation of those representations by predictive cues continues to be refined.
